Abstract The purpose of this study was to assess insoluble salts containing gadolinium (Gd 3+ ) for effects on human dermal fibroblasts. Responses to insoluble Gd 3+ salts were compared to responses seen with Gd 3+ solubilized with organic chelators, as in the Gd 3+ -based contrast agents (GBCAs) used for magnetic resonance imaging. Insoluble particles of either Gd 3+ phosphate or Gd 3+ carbonate rapidly attached to the fibroblast cell surface and stimulated proliferation. Growth was observed at Gd 3+ concentrations between 12.5 and 125 μM, with toxicity at higher concentrations. Such a narrow window did not characterize GBCA stimulation. Proliferation induced by insoluble Gd 3+ salts was inhibited in the presence of antagonists of mitogen-activated protein kinase and phosphatidylinositol 3-kinase signaling pathways (similar to chelated Gd 3+ ) but was not blocked by an antibody to the platelet-derived growth factor receptor (different from chelated Gd 3+ ). Finally, high concentrations of the insoluble Gd 3+ salts failed to prevent fibroblast lysis under low-Ca 2+ conditions, while similar concentrations of chelated Gd 3+ were effective. In conclusion, while insoluble Gd 3+ salts are capable of stimulating fibroblast proliferation, one should be cautious in assuming that GBCA dechelation must occur in vivo to produce the profibrotic changes seen in association with GBCA exposure in the subset of renal failure patients that develop nephrogenic systemic fibrosis.
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Introduction
The lanthanoids comprise a group of cationic metals with atomic numbers between 57 and 71. These closely related elements have an ionic radius similar to that of Ca 2+ , but with a higher overall charge density [1, 2] . In biological fluids, lanthanoid metals form insoluble salts with available anions, but solubility can be maintained by forming a complex between the lanthanoid metal and a metal ion chelator. The gadolinium (Gd 3+ )-based contrast agents (GBCAs) used in magnetic resonance imaging (MRI) are examples of this [3] [4] [5] . Although GBCAs are rapidly cleared from the circulation by the kidneys, the contrast agents may remain in the circulation for several hours in individuals with end-stage renal disease (ESRD) [3] . In a small number of ESRD patients, fibrotic skin changes have occurred following GBCA exposure; the clinical syndrome is referred to as nephrogenic systemic sclerosis (NSF) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Although the disease has been likened to scleroderma based on the presence of excess collagen deposition, many pathologists describes the lesions as more fibroproliferative than fibrotic [6, 7, 18, 19] .
As part of an effort to understand disease pathophysiology, we and others have examined GBCAs for effects on dermal fibroblast function. These studies have demonstrated that GBCA exposure leads to increased fibroblast proliferation [20] [21] [22] [23] . Our own studies have shown that growth induction is not correlated with increased procollagen synthesis per se, but is associated with altered collagen deposition due to modulation of matrix metalloproteinase-1 (MMP-1) and tissue inhibitor of metalloproteinases-1 (TIMP-1) levels [21, 24, 25] . While this provides an understanding of disease pathophysiology, several important questions remain to be addressed. One of the unanswered questions pertains to the nature of the Gd 3+ species that is directly responsible for fibroblast activation. The prevailing assumption is that during prolonged GBCA circulation in patients with renal failure, the metal ion separates from the chelator [3] [4] [5] and that "free" metal produces the fibrogenic changes. [26] [27] [28] [29] . Recently, George et al. [30] used synchrotron X-ray analysis to demonstrate phosphate-bound Gd 3+ in NSF skin. Insoluble salts can be phagocytosed by tissue macrophages [31] [32] [33] , and it has been suggested that activated inflammatory cells release cytokines and other pro-inflammatory mediators to initiate fibrotic changes [34] [35] [36] . It is generally assumed, however, that such salts are inert with respect to fibroblasts. The present study tested that assumption directly. Here, we have prepared insoluble salts consisting of Gd 3+ phosphate and Gd 3+ carbonate and have examined the insoluble salts for effects on human dermal fibroblast function. Results obtained with these salts were compared to effects seen when the same cells were exposed to chelated forms of Gd 3+ or when Gd 3+ chloride was added directly to the culture medium [21, 24, 25, 37, 38] . Findings from this study and their potential significance to the fibrogenic changes in NSF are described herein. carbonate was diluted to the desired amount in serum-free, Ca 2+ -supplemented KGM and added to the well in a 10-μL volume. Ca 2+ phosphate served as control. Incubation was for 3 days at 37°C in an atmosphere of 95% air and 5% CO 2 . At the end of the incubation period, culture fluids were harvested for assessment of matrix metalloproteinase-1 (MMP-1) as described below. Cells were harvested with trypsin-EDTA and counted. ) was added to each well. Gd 3+ phosphate or Gd 3+ carbonate salts were diluted to the desired amount in culture medium and added to the well in a 10-μL volume. Gd 3+ chloride and chelated Gd 3+ (Omniscan, gadodiamide, Magnevist or Multihance) were examined in parallel. Incubation was for 3 days at 37°C in an atmosphere of 95% air and 5% CO 2 . At the end of the incubation period, cells were harvested with trypsin-EDTA and counted.
Materials and Methods

Reagents
MMP-1 Western blotting with a rabbit polyclonal anti-MMP-1 antibody (Millipore/Chemicon, Temicula, CA, USA) was used to assess MMP-1 levels [21, 24] . Briefly, samples were separated in SDS-PAGE under denaturing and reducing conditions and transferred to nitrocellulose membranes. After blocking with a 5% nonfat milk solution in Tris-buffered saline with 0.1% Tween (TTBS) at 4°C overnight, membranes were incubated for 1 h at room temperature with the antibody diluted 1:1000 in 0.5% nonfat milk/0.1% TTBS. Thereafter, the membranes were washed with TTBS and bound antibody detected using the Phototope-HRP Western blot detection kit (Cell Signaling Technologies, Inc.). Images were scanned, digitized, and quantified. Prior to loading the gels, protein levels in each sample were determined using the BCA protein determination kit (Pierce Biotechnology; Rockford, IL, USA) and equal amounts of protein were loaded onto each lane. Following electrophoresis and protein transfer to the nitrocellulose filters, Ponceau S reversible staining solution (Pierce Biotechnology) was used to visualize the transferred proteins in order to confirm that comparable amounts of total protein were transferred.
MMP-2
The same culture fluids were assessed for MMP-2 (gelatinase A) by gelatin zymography [21] . Briefly, SDS-PAGE gels were prepared with the incorporation of gelatin (1 mg/mL) at the time of casting. After electrophoresis under non-reducing conditions to separate proteins and overnight incubation to allow for substrate digestion, zones of hydrolysis were identified as "holes" in Coomassie Bluestained gels and quantified. Values were obtained following scanning and digitization. MMP-2 tends to be expressed at a basal level under most conditions in fibroblasts. Therefore, MMP-2 can be used as a control for secreted proteins in much the same way that actin or β-tubulin is utilized as a control for intracellular proteins.
Intracellular Signaling Intermediates Cells were added to wells of a 6-well dish at 3×10 5 cells per well, and incubated as above. After 5, 10, and 15 min, the cell layer was washed one time in PBS and then treated with a "lysis buffer" (Pierce Biotechnology) according to the manufacturer's instructions. After protein determination, equal amounts of protein were resolved by SDS-PAGE and transferred to nitrocellulose membranes. Lysates were probed for phospho-and total-ERK and phospho-and total-AKT by Western blotting essentially as described above with MMP-1.
Light and Electron Microscopy
Fibroblasts were exposed to Gd 3+ phosphate and incubated for 1 day as described above. Following this, the cells were washed exhaustively to remove unbound salt and then prepared for light microscopy or electron microscopy as described below.
Light Microscopy Cells were fixed for 1 h in 10% buffered formalin and then stained with hematoxylin and eosin. The cells were examined and imaged using a Zeiss Axio Imager, M1 microscope with the Axio Vision Imaging System. Scanning electron microscope (SEM) Samples were fixed in 2.5% glutaraldehyde in 0.1 M Sorensen's buffer, pH 7.4, overnight at 4°C. After several rinses in buffer, samples were post-fixed in 1% osmium tetroxide in Sorensen's buffer for 1 h. After additional rinses in buffer, the samples were dehydrated through increasing concentrations of ethanol. The samples were then immersed in four, 15-min changes of hexamethyldisilazane (HMDS). After the fourth change, the samples were incubated with just enough HMDS to cover the tissue and the HMDS was allowed to evaporate overnight. The samples were then mounted on SEM stubs, allowed to off-gas in a vacuum desiccator for at least 2 h and sputter coated with gold. Samples were examined with an Amray 1910 FE Scanning Electron Microscope and digitally imaged using Semicaps 2000 software.
Transmission electron microscopy (TEM) Samples were fixed in 2.5% glutaraldehyde in 0.1 M Sorensen's buffer, pH 7.4, overnight at 4°C. After several rinses in buffer, samples were post-fixed in 1% osmium tetroxide. The samples were then rinsed in double distilled water. Following this, samples were dehydrated in ascending concentrations of ethanol, rinsed two times in 100% ethanol, and embedded in epoxy resin. The samples were ultra-thin sectioned (70-nm thickness) and stained with uranyl acetate and lead citrate. The sections were examined using a Philips CM100 electron microscope at 60 kV. Images were recorded digitally using a Hamamatsu ORCA-HR digital camera system operated with AMT software (Advanced Microscopy Techniques Corp., Danvers, MA, USA).
Statistical Analysis Data were analyzed using one-way analysis of variance (ANOVA) followed by the Bonferroni post test for selected pairs (GraphPad Prism version 4.00 for Windows, GraphPad Software). Data were considered significant at p<0.05. Asterisks have been added to the appropriate data points to denote values that are significantly different from the respective control.
Results
Effects of Gd
3+ Phosphate and Gd 3+ Carbonate on Fibroblast Proliferation Gd 3+ phosphate and Gd 3+ carbonate were suspended in fibroblast culture medium (KGM supplemented with Ca 2+ to a final concentration of 1.5 mM) and examined for ability to stimulate fibroblast proliferation. The results of this study are shown in Fig. 1 , where it can be seen that fibroblast proliferation was induced by both types of Gd 3+ salts. At stimulatory concentrations with either salt, the total amount of Gd 3+ in the culture medium was 12.5-125 μM. At concentrations below 12.5 μM, proliferation fell to basal levels and at concentrations greater than 125 μM, both types of salt were cytotoxic. Ca 2+ phosphate was utilized as a control for these experiments. When added to fibroblasts at high concentration (equivalent to greater than 125 μM Ca 2+ ), growth suppression and cytotoxicity were seen. Lower concentrations were not toxic, but there was no growth stimulation at any concentration (Fig. 1, lower panel) . Gd 3+ chloride and chelated Gd 3+ (Omniscan) were used as additional controls. Consistent with our previous results [18, 22] , fibroblast proliferation was stimulated with Gd 3+ chloride over the range of 5-10 μM with a fall off in growth at concentrations above this (Table 1) . It should be noted that when Gd 3+ chloride was added to culture medium, a precipitate formed with (presumably) various anionic constituents of the culture medium including phosphate, carbonate, citrate, sulfate, and hydroxide. Although we have not analyzed the relative amounts of each anion, previous studies by Li et al. [40] found that phosphate was the predominant anion. Also consistent with previous findings [21, 24] , exposure to Omniscan led to an increase in fibroblast growth over a wide concentration range (0.5-2.5 mM) ( Table 1) .
At the time of harvest-i.e., after 72 h of incubationthe culture fluids were collected from control cells and cells treated with Gd 3+ phosphate or Gd 3+ carbonate. The culture fluids were examined for MMP-1 by Western blotting. The enzyme was upregulated by growth-stimulating concentrations of the inorganic Gd 3+ salts (Fig. 2) . As a control for MMP-1, we also assessed the same culture fluids for levels of MMP-2. Previous studies have demonstrated that MMP-2 is not modulated by factors that upregulate MMP-1 [41] . Other than a fall off in MMP-2 at cytotoxic concentrations, there was no effect on this enzyme (Fig. 2) .
Epidermal keratinocytes were assessed for proliferation in response to the same mineral salts. and treated with the desired reagent over a range of concentrations. Table 2 shows the results from these studies. Fibroblast viability was not maintained in the presence of the Gd 3+ salts. Nor was viability maintained with Gd 3+ chloride was added directly to the culture medium. In contrast, several formulations of chelated Gd 3+ were protective over the range of concentration from 0.5 to 5 mM. Of interest, Omniscan, which consists of gadodiamide along with an excess of the chelator, was effective at a lower concentration than was observed with gadodiamide alone. Our (tentative) interpretation of these results is that when Gd 3+ in gadodiamide becomes separated from its chelator, it rapidly forms an inorganic salt and is effectively removed from solution. In contrast, when this occurs in Omniscan, the released Gd 3+ binds to the free chelator and remains in solution. This is consistent with the notion that chelated Gd 3+ is critical to fibroblast protection.
Interaction of Gd 3+ Phosphate with Fibroblasts: Light and Electron Microscopy Dermal fibroblasts were exposed to Gd 3+ phosphate equivalent to 125 μM Gd 3+ (final concentration) and incubated. One day later, the cells were washed extensively to remove unbound salt and then examined by light microscopy and electron microscopy (Fig. 3) . Figure 3a shows a light microscopic image of fibroblasts with Gd 3+ phosphate attached. Virtually, every cell in the field has salt bound to it. Figure 3b shows a scanning electron micrographic image of fibroblasts with a small amount of the Gd 3+ salt attached to the surface (arrows). In Fig. 3c , a scanning electron micrographic image of a cell that is more extensively covered with the Gd 3+ phosphate is shown. Figure 3d shows a fibroblast to which a large three-dimensional particle is bound. The cell membrane is enfolded around the particle as if the cell is trying to engulf it. As can be seen in both the light microscopic and scanning electron microscopic images, the Gd 3+ salt binds primarily to cells or cell processes. Rarely did we observe salt attached to the bare plastic surface. It should be noted that in spite of the large amount of Gd 3+ phosphate attached to some cells, the cells still appeared to be cytologically and ultrastructurally intact. However, when the amount of Gd 3+ salt added to the culture was increased further, cell destruction rapidly occurred (not shown). Figure 3e demonstrates the appearance of a typical Gd 3+ phosphate particle in a cell-free environment. The fenestrated nature of the particle is apparent. Figure 3f , g are low and high magnifications demonstrating Gd 3+ salt within cytoplasmic vacuoles. Membrane lining of the vacuoles can be seen, but whether the salt particles have been completely engulfed by the cell cannot be conclusively demonstrated from this analysis.
Fibroblast Response to Gd
3+ Phosphate: Intracellular Signaling Events Two sets of experiments were carried out to assess intracellular signaling pathways activated by exposure of fibroblasts to Gd 3+ phosphate. First, ERK phosphorylation as an indicator of MAP kinase activity and AKT phosphorylation as an indicator of PI3 kinase activity were assessed. In parallel, MAP kinase and PI3 kinase antagonists were examined for ability to interfere with Gd 3+ -phosphate induction of proliferation. ERK phosphorylation is presented in the upper panel of Fig. 4 . An increase in phosphorylation was observed as early as 5 min after exposure, and was increased at 15 and 30 min. There was, as expected, no significant change in total ERK expression over the same time period. The lower panel of Fig. 4 shows phospho-AKT expression in the same cells. A similar increase in AKT phosphorylation was seen. As expected, there was no change in total AKT protein at any time point.
In parallel studies, human dermal fibroblasts were exposed to Gd 3+ phosphate in the presence of U0126 (10 μM) or LY294002 (25 μM). Effects on proliferation were assessed. Table 3 demonstrates that in the presence of U0126 (inhibitor of ERK activation) or in the presence of LY294002 (PI3 kinase inhibitor), proliferation was suppressed. In additional studies, fibroblasts were exposed to Gd 3+ phosphate in the presence of an antibody that blocks PDGF-induced fibroblast proliferation. Targeting the PDGF receptor was shown in our previous study to suppress proliferation in response to Omniscan [37] . As seen in Table 3 , the antibody had no measurable effect on proliferation induced by the insoluble Gd 3+ phosphate salt.
Discussion
When Gd 3+ chloride is added to a biological fluid, the cationic metal forms insoluble precipitates with available anions including phosphate, carbonate, acetate, ascorbate, and hydroxide. Li et al. [40] used energy-dispersive X-ray analysis to demonstrate that phosphate was the predominant anion when Gd 3+ chloride was added to cell culture medium. While insoluble salts of many different metals can be phagocytosed by tissue macrophages [31-33, 43, 44] , the insoluble salts are generally assumed to be inert with fibroblasts. The present findings demonstrate that insoluble Gd 3+ salts are not inert. Both Gd 3+ phosphate and Gd 3+ carbonate rapidly attached to the surface of human dermal fibroblasts. Perturbation of the cell surface was clearly visible by SEM, and (at least partially) engulfed particles could be seen within cells by TEM. Binding was kinase signaling also induced a proliferative response. Higher concentrations were cytotoxic. Values shown are means and standard deviations based on n=3 separate experiments for each reagent. Statistical significance of the data was assessed by ANOVA, followed by paired-group comparisons *p<0.05 level; statistically significant increase relative to control Fig. 3 Appearance of human dermal fibroblasts with bound Gd 3+ phosphate. a Light microscopy. Virtually, every cell has salt bound to its surface. b-d Scanning electron microscopy. The cells shown in b have the appearance of control fibroblasts (flattened shape) with only a small amount of salt on the surface (arrows). The cell shown in c is similar to the cells in b except that more of the surface is salt-covered. d shows a cell to which a large particle is bound. The cell membrane appears to be enfolding around the particle (arrows). e-g are transmission electron micrographic images. e shows a cell-free Gd 3+ particle (unstained). The fenestrated nature of the particle is apparent. f-g are low and high magnifications of a fibroblast with Gd 3+ salt within vacuoles Are these findings relevant to understanding the pathophysiology of NSF? It has been suggested that prolonged GBCA circulation in patients with end-stage renal disease results in separation of Gd 3+ from the chelator [3] [4] [5] . The released Gd 3+ is presumed to rapidly bind available anions, and be phagocytosed by circulating inflammatory cells or by tissue macrophages. According to this model, the subsequent release of pro-inflammatory and pro-fibrotic cytokines [34] [35] [36] mediates the fibrogenic response. Alternatively, it has been shown that Gd 3+ -containing compounds (as well as Gd 3+ chloride) can directly induce responses in fibroblasts that are potential pro-fibrotic [20-25, 37, 38] . While the present findings are consistent with a direct activation of fibrogenic cells by insoluble Gd 3+ salts, the data would suggest caution in interpreting the findings in this manner. While Gd 3+ -containing salts were capable of inducing fibroblast proliferation, there were significant differences in how fibroblasts responded to Gd 3+ in one form or another that should be considered. For example, while chelated Gd 3+ (with a number of different chelators [20] [21] [22] [23] [24] ) and insoluble Gd 3+ salts were both capable of stimulating fibroblast proliferation, there were striking dosedependent differences. With Omniscan (chelated Gd 3+ ), fibroblast proliferation could be seen at concentrations as low as 0.5 μM [21] (and present report), while with Gd 3+ -containing inorganic salts and Gd 3+ chloride, induction was not seen below approximately 10 μM. Seemingly, therefore, if Gd 3+ separation from the chelator was critical for inducing a response, there would be insufficient "free" Gd 3+ (at 0.5 μM Omniscan) to initiate the events that lead to proliferation.
Difference in biological response at high concentrations was also seen. With chelated Gd 3+ , concentrations as high as 500-1,000 μM were stimulatory, while with the Gd 3+ salts, toxicity was observed at concentrations slightly above those that stimulated growth. Of interest, even higher concentrations of chelated Gd 3+ (0.5-5 mM) were effective in preventing fibroblast lysis in a low-Ca 2+ environment, while Gd 3+ chloride and preformed Gd 3+ salts were unable to duplicate this effect. Finally, while our previous studies have shown that fibroblast proliferation induced by Omniscan was inhibited in the presence of an antibody to the PDGF receptor [29] , the same antibody did not prevent growth in the presence of the insoluble Gd 3+ salts. Taken together, these findings suggest that fibroblast proliferation can be stimulated by chelated Gd 3+ as well as by insoluble salts of the metal. Whether these in vitro findings are relevant to the pathophysiology of NSF is not known at this time. In so far as they are, however, one would not conclude a priori that dechelation must occur in vivo for activity. Quite the contrary, our data support the hypothesis recently put forth by Newton and Jiminez [45] Exposure to high concentrations of Gd 3+ through the intravenous route is unique to individuals undergoing contrast-enhanced MRI, but exposure to Gd 3+ (and other lanthanoids) can occur via other routes as well. Lanthanoids are used in several industrial applications (beyond medical imaging) and exposure to metal dusts occurs via inhalation. Pneumocosis is associated with such exposure, as it is with inhalation of other metals [31-33, 43, 44] . Environmental exposure via inhalation has also been documented to occur naturally in areas where lanthanoid (cerium) dust is rich in the soil. As with industrial exposure, environmental contact with lanthanoid dusts is associated with fibrotic tissue injury. Of interest, environmental exposure to cerium is linked to fibrotic cardiomyopathy rather than to lung fibrosis [46] [47] [48] . The underlying mechanism of this is not known, but it has been demonstrated that cardiac fibroblasts respond to challenge with a greater proliferative response than do lung fibroblasts [49, 50] . Finally, while skin contamination with a variety of metal dusts is common, there is essentially no penetration of the inorganic dusts through healthy skin. However, a florid fibroproliferative response has been seen when abraded skin is exposed [51] . Thus, the direct stimulation of fibroblast proliferation (and other potentially fibrogenic responses) by insoluble salts containing Gd 3+ and/or other lanthanoid metals may have relevance in a variety of settings.
A final question concerns the cellular mechanism leading from Gd 3+ salt exposure to fibroblast proliferation. Because of its similarity to Ca 2+ in ionic radius, but with an overall higher charge density [1] [2] [3] , Gd 3+ interacts with Ca 2+ -binding sites on a variety of molecules. In many cases, the affinity is higher [52] . In epithelial cells, the extracellular Ca 2+ -sensing receptor is an important target [53] [54] [55] [56] . Features of Ca 2+ -mediated epithelial differentiation can be induced by low micromolar amounts of Gd 3+ or other lanthanoid [57, 58] . In other types of cells, including fibroblasts, Gd 3+ interacts with Ca 2+ channels including voltage-gated, receptor-gated, and mechanical stress-gated channels [59] [60] [61] . Other regulatory molecules influenced by lanthanoids include calcineurin, Ca 2+ -dependent and Ca 2+ /Mg 2+ -dependent ATPases, protein kinase C, and choline esterases [62] . Binding to any of the intracellular moieties could be expected to affect cell function, but it is difficult to envision how large insoluble particles could gain access to cytoplasmic proteins. One possibility is that, as suggested by Li et al. [40] , the Gd 3+ -containing salts constitute a reservoir of Gd 3+ and that conditions at the cell surface allow for solubilization of enough metal ion to elicit the responses noted. This might be particularly interesting in light of the electron microscopic findings presented here, which show salt bound to the cell surface and at least partially sequestered within intracellular vacuoles. An alternative possibility is a direct effect on mechanical stressactivated ion channels brought about by binding of the highly cationic material to the cell surface [61] . These possibilities are, of course, not mutually exclusive. Additional studies will be required to distinguish between these (and other) possibilities.
In summary, understanding the pathophysiologic changes that underlie NSF and other fibrotic diseases associated with lanthanoid exposure is contingent upon defining which, and to what degree, different forms of the metals are capable of eliciting responses of interest. Our results with regard to Gd 3+ per se suggest that while different forms can elicit responses in fibroblasts, chelated Gd 3+ has unique properties not shared with insoluble Gd +3 salts that could contribute to the events that contribute to NSF.
